Abstract To clarify the influence of MTHFR C677T and A1298C polymorphisms on gastric cancer (GC), a meta-analysis of eight case-control studies (1,584/2,785 cases/controls) was carried out. Overall, there was moderate heterogeneity among studies, and the C677T allele T was associated with a 27% increased risk of GC compared with C allele: the random effects (RE) OR (95% confidence interval in parenthesis) was significant [OR=1.27 (1.13-1.44)]. In East Asians, the association was significant: RE OR=1.28 (1.14-1.44), whereas, in Caucasians it was not significant. Regarding gastric cancer adenocarcinoma (GCA), an association for the allele contrast in East Asians was detected: fixed effects (FE) OR=1.36 (1.18-1.56). The recessive model for allele T produced significant results overall and in East Asians for GC ) and FE OR=1.61 (1.32-1.96), respectively] and for GCA [RE OR=1.53 (1.13-2.05) and FE OR=1.70 (1.36-2.12)]. The A1298C polymorphism was associated with GCA in East Asians: the FE OR for the allele contrast (C vs. A) was 1.38 (1.18-1.62), and under a recessive model for allele C, OR=1.62 (1.28-2.06). There were no sources of bias in the selected studies; the differential magnitude of effect in large versus small studies was not significant. In conclusion, there is evidence of association between MTHFR polymorphisms and GC, mainly in East Asians.
Introduction
Stomach cancer is the second most frequent cancer worldwide, accounting for about 12% of cancer deaths each year (Parkin et al. 1999) . Epidemiological studies have indicated that low folate, a constituent of vegetables and fruits, is associated with an increased risk of cancer, including gastric cancer (GC) (Kobayashi et al. 2002; La Vecchia et al. 2002) .
Methylenetetrahydrofolate reductase (MTHFR) is a central regulatory enzyme in folate metabolism. MTHFR catalyses the reduction of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, the predominant circulating form of folate and the carbon donor for the remethylation of homocysteine to methionine (Kim et al. 1999; Sarbia et al. 2005) . The MTHFR (Frosst 1995; Weisberg 1998) gene is localized on chromosome 1p36.3. Two common polymorphisms identified in the MTHFR gene are implicated in the development of GC: (1) the MTHFR C677T (exon 4 at codon 222), in which a C>T substitution at position 677 cause an alanine to valine substitution, and (2) the A1298C (exon 7 at codon 429), causing a glutamate to alanine (A>C) substitution. A1298C influences specific activity of the enzyme, homocysteine levels, and plasma folate concentration, but to a lesser extent than the C677T polymorphism does (Blount et al. 1997; Shen et al. 2005) . However, other functional polymorphisms in genes associated with impaired folate metabolism may also contribute to the risk of GC (Ueland et al. 2001) .
The studies investigating the role of C677T and A1298C polymorphisms in the development of GC have produced contradicting or inconclusive results. In order to provide overall information about the MTHFR C677T and A1298C polymorphisms and the risk of GC, a meta-analysis of all case-control observational studies with available data was performed (Lau et al. 1997) . The meta-analysis estimated the effect of allele contrast, the contrast of homozygotes, and the contrasts for the dominant and recessive models .
The heterogeneity between studies and the existence of potential bias were also examined.
Methods

Study identification and selection
Eligible studies were identified by searching the PubMed database for relevant reports in English published before January 2006 using the search criterion: (''MTHFR'' or ''C677T'' or ''A1298C'') and (''gastric cancer'' or ''stomach cancer'' or ''gastric cancer adenocarcinoma''). The reference lists of retrieved articles were also reviewed to identify additional articles missed by the PubMed search.
Studies that determined the distribution of the C677T and A1298C genotypes in cases with GC and/or GCA diagnosed by histopathological biopsy, and in controls free of cancer were eligible for inclusion in the metaanalysis. Studies based on pedigree data were excluded since they investigate linkage and not association. In studies with overlapping cases or controls, the most recent and/or the largest study with extractable data was included in the meta-analysis. Only studies that have used validated genotyping methods were considered. Meeting abstracts, case reports, editorials and review articles were excluded.
Data extraction and synthesis
The following information was extracted from each study: first author, journal, year of publication, ethnicity of study population, demographics, matching, genotyping method, blindness, and the number of cases and controls for each C677T or A1298C genotype.
The meta-analysis examined the overall association for the allele contrast, the contrast of homozygotes, and the recessive and dominant models. The effect of association was indicated as odds ratio (OR) with the corresponding 95% confidence interval (CI). The pooled OR was estimated using fixed effects (FE) (Mantel-Haenszel) and random effects (RE) (DerSimonian and Laird) models (Lau 1997) . RE modelling assumes heterogeneity between the studies, and it incorporates the between-study variability. The heterogeneity between studies was tested using the Q statistic (Zintzaras and Ioannidis 2005 ). If P<0.10 then the heterogeneity was considered statistically significant. Heterogeneity was quantified using the I 2 metric, which is independent of the number of studies in the meta-analysis (I 2 <25% no heterogeneity; I 2 =25-50% moderate heterogeneity; I 2 >50% large or extreme heterogeneity) (Higgins and Thompson 2002) . A cumulative meta-analysis (Lau et al. 1992; Whitehead 1997) and recursive meta-analysis were carried out in order to evaluate the trend of pooled OR for the allele contrast in time. The differential magnitude of effect in large versus small studies (Ioannidis et al. 2003; for the allele contrast was tested using the Egger regression test for funnel plot asymmetry (Egger et al. 1997 ) and the Begg-Mazumdar test, which is based on Kendall's tau (Begg and Mazumdar 1994) . Whether the OR in the first study versus the pooled OR of the subsequent studies differed beyond chance (P<0.05) was assessed using the Z statistic (Ioannidis et al. 2003) .
The meta-analysis consisted of the main (overall) analysis, which includes all available data, and the sensitivity analysis, which examines the effect of excluding specific studies such as studies with the controls not in Hardy-Weinberg equilibrium. Subgroup analyses for the GCA cases and for each ethnicity were also performed. However, the consistency of genetic effects across these traditionally defined racial groups does not necessarily mean that race-specific genetic effects are exactly the same. Analyses were performed using Meta-Analyst (Joseph Lau, Boston, Massachusetts, USA 1998), and CVF90 with IMLS library (Zintzaras and Hadjigeorgiou 2005; .
The distribution of the genotypes in the control group was tested for Hardy-Weinberg equilibrium using an exact test implemented by GDA software (Weir 1996) . Studies with the controls not in Hardy-Weinberg equilibrium were subjected to a sensitivity analysis (Zintzaras et al 2006), i.e., the effect of excluding specific studies was examined.
Results
Eligible studies
A total of 13 published articles reported on the relationship between any of the C677T and A1298C polymorphisms and GC. However, data from only eight articles met the inclusion criteria. The studies that investigated A1298C also investigated C677T (four studies). The studies were published between 2002 and 2005. In all studies, the cases were histologically confirmed (or historically based on pathology), and the controls were free of GC cancer (two studies, Sarbia et al. 2005 and Graziano et al. 2006 , reported the use of healthy controls). Six studies stated that the controls were age-sex matched (Stolzenberg et al. 2003; Kim et al. 2005; Wang et al. 2005; Shen et al. 2005; Lacasana et al. 2005; Graziano et al. 2006) . Studies were conducted in various populations of different ethnicities: five studies were conducted in populations of East Asian ethnicity (Miao et al. 2002; Stolzenberg et al. 2003; Kim et al. 2005; Wang et al. 2005; Shen et al. 2005) , two studies involved Caucasians (Sarbia et al. 2005; Graziano et al. 2005) , and one study Mexicans (Lacasana et al. 2005) . A list of all the details abstracted from these studies is provided in Tables 1 and 2 . For the determination of the genetic polymorphisms of C677T and A1298C, validated genotyping methods were used in all studies: PCR-RFLP (Miao et al. 2002; Kim et al. 2005; Wang et al. 2005; Shen et al. 2005; Lacasana et al. 2005; Graziano et al. 2006) , real-time PCR with allele-specific oligonucleotide method (Stolzenberg et al. 2003) , or real-time fluorescence PCR and melting-curve analysis (Sarbia et al. 2005) .
Summary statistics
The studies provided 1,584/2,785 cases/controls for C677T and 760/1,624 cases/controls for A1298C. In cases and controls, the allele C and the CT genotype were the most common for C677T. The allele A was the most common for A1298C, and the frequency of the AA genotype was the highest in both cases and controls, while that for genotype CC was the lowest (Table 2) .
In three studies (Kim et al. 2005; Shen et al. 2005; Lacasana et al. 2005 ) investigating the C677T polymorphism, and in two studies (Stolzenberg et al. 2003; Miao et al. 2002) of the A1298C polymorphism, the distribution of the genotypes in control groups was not in Hardy-Weinberg equilibrium (P<0.05), indicating genotyping errors and/or population stratification (Zintzaras and Hadjigeorgiou 2004; Xu et al. 2002) . Therefore, a sensitivity analysis was carried out for these studies. None of these studies reported linkage disequilibrium for C677T and A1298C polymorphisms.
Main results, subgroup and sensitivity analyses
The heterogeneity results and the effect of the association between the polymorphisms and the risk of GC for the genetic contrasts under investigation are shown in Fig. 1 and Table 3 .
Overall, there was moderate heterogeneity (P=0.12, I 2 =40%) among the eight studies, and the C677T allele Fig. 1 C677T and A1298C MTHFR polymorphisms and the risk of gastric cancer: contrast of allele T against C for C677T, and C against A for A1298C. Each study is shown with an odds ratio (OR) estimate and the corresponding 95% confidence interval (95% ci). The random effects pooled odds ratios are shown. The horizontal axis is plotted on a log scale. HWE HardyWeinberg equilibrium, GCA gastric cancer adenocarcinoma Kim (2005) 27 (20) 63 (14) 64 (48) (7) 33 (12) 45 (37) 115 (45) 65 (54) 107 (41) 63 (26) 181 (35) 175 (73) 329 (64) Lacasana (2005) 60 (29) 104 (24) 85 (42) 179 (41) 56 (27) 144 (33) 205 (50) 387 (45) 197 (49) 467 (54) Graziano (2006) 42 (25) 29 (17) 86 (53) 68 (41) 34 (20) 
Kim (2005) 1 (0) 8 (1) 34 (25) 129 (28) 98 (73) 308 (69) 36 (13) 145 (16) 230 (86) 745 (83) Stolzenberg (2003) 0 (0) 0 (0) 21 (23) 104 (26) 69 (76) 294 (73) 21 (11) 104 (13) 159 (88) 692 (86) Miao (2002) 3 (1) 5 (1) 64 (29) 139 (29) 150 (69) 324 (69) 70 (16) 149 (15) 364 (83) 787 (84) Shen (2005) 8 (2) 10 (3) 93 (29) 73 (23) 219 (68) 230 (73) 109 (17) 93 (14) 531 (82) 533 ( (0) 10 (3) 26 (20) 73 (23) 98 (78) 230 (73) 28 (11) 93 (14) 222 (88) 533 (85) (1) 23 (1) 212 (27) 445 (27) 536 (70) 1,156 (71) 236 (15) 491 (15) 1,284 (84) 2,757 (84) a The GCA cases are included in GC cases
Caucasians the RE pooled OR was not significant: . Regarding the GCA, the analysis detected an association for the allele contrast in East Asians: FE OR=1.36 (1.18-1.56). The contrast of homozygotes (TT vs. CC) produced the same pattern of results as the allele contrast. The recessive model for the effect of T allele produced significant results overall in GC and in GCA: FE OR=1.47 (1.26-1.72) and RE OR=1.53 (1.13-2.05), respectively. In East Asians, the association was significant both for GC and GCA: FE OR=1.61 (1.32-1.96) and FE OR=1.70 (1.36-2.12), respectively. The sensitivity analysis for the above contrasts did not alter the pattern of results. The dominant model for the effect of T allele produced no significant associations, except for the main analysis; however, the sensitivity analysis showed non-significance.
Concerning the A1298C polymorphism, the association was significant for GCA in East Asians: the FE pooled OR for the allele contrast (C vs. A) was 1.38 (1.18-1.62). The contrast of homozygotes (CC vs. AA) and the recessive model for the effect of allele C showed highly significant associations: FE OR=1.71 (1.25-2.32) and FE OR=1.62 (1.28-2.06). The sensitivity analysis did not change the pattern of results.
Potential bias
Two studies (Miao 2002; Stolzenberg 2003) reported that genotyping was performed with blinding to case/ control status. Overall, the cumulative and recursive meta-analyses for the allelic contrast (C677T T vs. C) The Egger test and the Begg-Mazumdar test were based on the allele contrast of C677T polymorphism, and they indicated that there is no differential magnitude of effect in large versus small studies (i.e., no source of bias) (P=0.45 and 0.72, respectively). However, these results might not be so reliable since the number of studies is relatively small.
Discussion
Regarding the MTHFR polymorphisms and their association with cancers, definite conclusions cannot be drawn. Some studies reported an increased risk of breast (Zintzaras 2006 ), endometrium (Estellar et al. 1997 , and oesophagus (Song et al. 2001 ) cancers, whereas others reported decreased risk of leukemia (Skibola et al. 1999) and colorectal cancer ) associated with these polymorphisms when folate supply was sufficient . The studies investigating the association with stomach cancer have indicated increased risk or no association. This is the first meta-analysis to examine the C677T and A1298C polymorphisms of the MTHFR gene and their relationship to susceptibility for GC. The meta-analysis involved eight studies that investigated the C677T polymorphism and four studies the A1298C polymorphism. The studies provided 1,584/2,785 cases/controls for C677T, and 760/1,624 cases/controls for A1298C. The strength of the present analysis is based on the aggregation of data from the published studies, thus there is more information for estimating the effect of association (Muncher et al. 2002; Zintzaras and Hadjigeorgiou 2004) . In the present metaanalysis the effect of allele contrast, the contrast of homozygotes, and the contrast for the dominant and recessive models for alleles C677T T and A1298C C were estimated. In addition, the consistency of genetic effects across populations of different racial descent (ethnicity) was investigated.
The overall result of the present meta-analysis demonstrated that MTHFR C677T polymorphism could be a risk factor for GC, and GCA, under a recessive model for allele T. This association holds true especially in subjects of East Asian descent-the results on the Caucasian population have shown no association, but the number of studies on Caucasians was limited. It seems that MTHFR A1298C is a risk factor for GCA in East Asian cases under a recessive model for allele C, however, more studies are required for definite conclusions. The sensitivity analysis for the studies not in HardyWeinberg equilibrium did not alter the pattern of association. In investigating the allelic or genotypic contrasts, quantitative heterogeneity varied from no to high heterogeneity. The meta-analysis showed no potential bias, since there was no differential magnitude of effect in large versus small studies.
A major limitation of using a meta-analytic approach for population-based observational studies is the confounding factors (e.g., age, sex, and life style) that influence the estimates of associations. In addition, studies on various ethnicities may help to elucidate the genetics of GC further. In this meta-analysis, only the unadjusted pooled ORs could be calculated since data for each level of possible confounding factors were not provided. The cases and controls of each study were well defined with similar inclusion criteria, although they unavoidably cover a spectrum of disease in terms of clinical, demographic and dietary data. In addition, the risk effect may depend on gene methylation, which is determined by folate intake during development, and on the interaction with other risk factors that modulate the development of cancer, such as lifestyle (including smoking, alcohol consumption and body mass index). Folic acid consumption is essential for maintaining or altering the effect of the polymorphic variants such as MTHFR (Ma et al. 1997) . However, evidence for the relation between folate intake and GC is insufficient to lead to specific public health interventions (Choumenkovitch et al. 2002; Bailey et al. 2003) .
The present meta-analysis provided evidence that TT and CC genotypes of the MTHFR C677T and A1298C polymorphisms, respectively, contribute to susceptibility of GC. GC is a complex disease with multifactorial etiology and therefore, the contributing pathogenetic role of lifestyle factors and dietary intake should also be considered. The existence of gene-nutrient interactions may explain the discrepancy in results of individual genetic association studies, and therefore, clinical trials of folic acid with a sufficiently large number of participants are warranted.
